Introduction
============

Tumor angiogenesis, one of the hallmarks of cancer, is a critical factor involved in the tumor growth, invasion, and metastasis and, consequently, is a target for cancer treatment.[@b1-ijn-11-5671],[@b2-ijn-11-5671] Nasopharyngeal carcinoma (NPC), one of the most common malignancies in Southern Asia, is known to be highly vascularized. Focus on angiogenesis factors, antiangiogenic agents alone or in conjunction with chemoradiotherapy, has proved to be an effective treatment in advanced NPC.[@b3-ijn-11-5671],[@b4-ijn-11-5671] However, not all patients would benefit from such treatment with a specific antiangiogenic agent.[@b5-ijn-11-5671],[@b6-ijn-11-5671] Therefore, the ability to noninvasively visualize tumor angiogenesis can not only help tailor antiangiogenic treatment by optimizing dosages and timing of drug cycles but also be an elegant approach for monitoring the early therapeutic efficacy.[@b7-ijn-11-5671],[@b8-ijn-11-5671]

Integrin αvβ3, a marker of angiogenesis, is responsible for the regulation of endothelial cell activation, migration, proliferation, and differentiation.[@b9-ijn-11-5671] It is highly expressed on activated and proliferating endothelial cells during the onset of tumor angiogenesis, rather than quiescent blood vessels,[@b10-ijn-11-5671] making it being investigated as a well-characterized molecular imaging marker of tumor-induced angiogenesis.[@b11-ijn-11-5671]

Peptides containing arginine-glycine-aspartic acid (RGD) can specifically and strongly bind to integrin αvβ3; therefore, a vast array of RGD-based probes have been developed for early detection of tumor angiogenesis using different modalities, including positron emission tomography, optical imaging, ultrasound imaging, and magnetic resonance imaging (MRI), and some radioactive traces are undergoing clinical trials.[@b12-ijn-11-5671]--[@b18-ijn-11-5671] Of these modalities, MRI provides the distinct advantage of high spatial resolution and excellent soft tissue contrast without ionizing radiation, as well as the ability to noninvasively detect shallow and deep tumors. However, the inherent insensitivity of MRI hindered their applicability for molecular imaging. In this context, ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles hold a great promise for use as negative magnetic resonance (MR) contrast agents with high relaxivities in terms of their intrinsic properties and versatile surface functionality.[@b19-ijn-11-5671],[@b20-ijn-11-5671] Currently, USPIOs conjugated to specific ligands such as RGD peptides to detect tumor are of particular interest. We previously demonstrated that integrin αvβ3-targeted USPIOs enabled researchers to distinguish tumors with different degrees of integrin αvβ3 expression.[@b21-ijn-11-5671],[@b22-ijn-11-5671] However, few studies have investigated the feasibility of these RGD-based nanoprobes to evaluate the antiangiogenic therapeutic response, especially in the territory of human NPC.[@b23-ijn-11-5671]--[@b25-ijn-11-5671]

Therefore, the purpose of the present study was to validate a novel RGD-coupled, polyacrylic acid (PAA)-coated USPIO (RGD-PAA-USPIO) nanoparticles, for its ability to detect tumor angiogenesis in human NPC xenograft model by MRI and also to investigate its feasibility for monitoring the early response to Endostar antiangiogenic therapy.

Materials and methods
=====================

General materials
-----------------

Iron(III) acetylacetonate (Fe(acac)~3~ ≥97%) were purchased from Sigma-Aldrich Chemical Co (St Louis, MO, USA). The RGD peptides, cyclo(Arg-Gly-Asp-Tyr-Lys) (c(RGDyK)), were synthesized by Chinese Peptides Co., Ltd. (Hangzhou, People's Republic of China). The female BALB/c nude mice (6--8 weeks old, 18--22 g body weight) were purchased from Shanghai Experimental Animal Center. The Endostar was provided by Simcere Pharmaceutical Research Co., Ltd.

Synthesis and characterization of RGD-PAA-USPIO nanoparticles
-------------------------------------------------------------

USPIO was coated by PAA using polyol method.[@b26-ijn-11-5671] In brief, a mixture of iron(III) acetylacetonate (353 mg) and PAA (72 mg) was dispersed into a mechanically stirred solution of triethylene glycol (30 mL). Subsequently, the suspension was heated to 185°C for 30 min under nitrogen gas atmosphere, and then heated to 287°C with the heating rate of 10°C/3 min and this temperature was maintained for 30 min. The black colloidal suspension was subsequently cooled down to room temperature, retrieved by a magnet, washed three times with ethanol and finally dispersed into deionized water.

For coupling the RGD peptides, 500 mg PAA-USPIO (2 mg/mL) and 50 mg c(RGDyK) peptides were dispersed into the solution of 1-ethyl-3-(dimethylaminopropyl)carbodiimide hydrochloride (5.6 mg) dissolved in 100 μL of deionized water and thereafter placed into vertical rotating apparatus for 2 h. Subsequently, the mixture was washed with deionized water and centrifuged twice each for 10 min at 4,000 rpm. Finally, RGD-PAA-USPIO nanoparticles were obtained and dissolved in deionized water. The particle size and distribution characterization of the RGD-PAA-USPIO nanoparticles were measured by transmission electron microscopy (TEM, JEOL-100CX), and the hydrodynamic diameter of them was analyzed by dynamic light scattering (DLS). The relaxivities (in L⋅mmol^−1^⋅sec^−1^) were determined by a linear fit of the relaxation rate as a function of iron concentration (in mmol/L) using a 1.41-T MRI contrast agent analyzer (mq60; Bruker, Germany) in combination with a custom-made radiofrequency coil.

Cell lines
----------

Human umbilical vein endothelial cells (HUVECs), purchased from American Type Culture Collection (ATCC, Manassas, VA, USA), were cultured in DMEM culture medium. The CNE-2 cell line (FDCC, Fu Dan IBS Cell Center), a poorly differentiated human NPC cell line, was maintained in RPMI-1640 culture medium. Both the culture media were supplemented with 1% penicillin-streptomycin and 10% fetal bovine serum (Gibco, Paisley, UK) at 37°C and 5% CO~2~ atmosphere. According to a previously study, there is no constitutive integrin αvβ3 expression on the surface of CNE-2 cells.[@b27-ijn-11-5671]

In vitro evaluation of specificity of the RGD-PAA-USPIO probe
-------------------------------------------------------------

### Prussian blue staining

HUVECs were diluted to 10^6^ cells/mL in DMEM, seeded on glass coverslips in 6-well culture plates, and then co-cultured with 0.03 μmol mL^−1^ PAA-USPIO or RGD-PAA-USPIO for 30 min, 1 h, and 3 h, respectively. To further test whether the specificity was induced by integrin αvβ3, competition experiments were done by adding the free RGD peptides to the RGD-PAA-USPIO in a ratio of 10,000:1. After incubation, the culture medium was removed. The adherent cells were washed three times with phosphate-buffered saline (PBS, pH =7.4), fixed by 4% paraformaldehyde for 30 min. Later, the fixed cells were incubated with the solution of 2% potassium ferrocyanide and hydrochloric acid (V:V =1:1) for 10 min, and counterstained with 0.1% nuclear fast red for 5 min.

### Transmission electron microscopy (TEM)

HUVECs treated with 0.03 μmol mL^−1^ PAA-USPIO or RGD-PAA-USPIO for 30 min were collected, transferred to 1.5 mL Eppendorf tube, fixed with 2.5% glutaraldehyde at 4°C for 4 h, dehydrated with ethyl alcohol in gradient, and then embedded with mixture of embedding medium and acetone (V:V =1:1) for ultrathin sectioning. Subsequently, the specimen was stained with 2% uranyl acetate and lead citrate and then observed under TEM at 100 kV.

### Inductively coupled plasma mass spectrometry (ICP-MS)

For quantitative assessment of the intracellular iron content, HUVECs incubated with plain USPIO or RGD-PAA-USPIO was digested with 0.25% trypsogen. A total of 7×10^5^ cells were incubated with 37% hydrochloric acid and heated to 75°C for 30 min. Later, ICP-MS (Element 2; Thermo Electron, Bremen, Germany) was used to measure the amount of iron uptake in cells. Iron content was expressed in picogram of iron per cell.

Animal models and treatment
---------------------------

All the experimental protocols were performed in accordance with the guidelines of Institutional Animal Care and Use Committee of Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, and the study was approved by the Animal Ethical and Welfare Committee of Xinhua Hospital. Briefly, female BALB/c nude mice were subcutaneously injected with 0.2 mL CNE-2 cells (2×10^6^) into the right hind flank. Tumors were allowed to grow to \~200 mm^3^ and then were randomly allocated to either the control group (n=10) or treatment group (n=10). Mice in the treatment group were administered with Endostar intraperitoneally at the dose of 20 mg/kg/d for consecutive 14 days, whereas mice in the control group received PBS at the same dose. Later, all mice underwent MRI at baseline (day 0) and 4 and 14 days after treatment with Endostar or PBS. To evaluate therapeutic response, tumor growth was measured regularly with caliper and calculated using the following formula: V =1/2^\*^ab^2^ (a, length; b, width). The animal's weight was recorded regularly.

In vivo MRI and image analysis
------------------------------

MRI studies were performed on a clinical 3.0 T MRI system (SignaHDxt; GE Medical System, Milwaukee, WI, USA) equipped with a dedicated 8-channel receiver coil with 2.5 cm inner diameter (Chenguang Medical Technologies Co., Shanghai, People's Republic of China). All mice were anesthetized with an intraperitoneal injection of pentobarbital sodium (50 mg/kg body weight; Sinopharm, Shanghai, People's Republic of China). For RGD-PAA-USPIO binding evaluation, an additional cohort of mice without any treatment was imaged before and 6 h after intravenous injection with RGD-PAA-USPIO (5 mice) or PAA-USPIO (5 mice) at the same dose of 300 μmol Fe/Kg. A blocking study with previous injection of 0.30 mM c(RGDyK) 1 h before intravenous administration of RGD-PAA-USPIO (5 mice) was also conducted. For treatment evaluation, all mice in the control and Endostar-treated group were administered RGD-PAA-USPIO before therapy and 4 and 14 days after treatment initiation to determine the therapeutic effects on tumor vasculature. The following sequences were adopted in data acquisition: 1) Transverse T2-weighted fast spin echo imaging for morphology: TR/TE, 3,000 ms/102.4 ms; field of view (FOV), 60×60 mm^2^; matrix, 64×64; slice thickness/interval, 1.2 mm/0 mm. 2) T2 mapping for the calculation of T2 and R2 values: TR, 1,000 ms; TE =8.25--66.0 ms (8 echoes, 8.25 ms interval between two echoes); FOV, 60×60 mm^2^; matrix, 192×128; slice thickness/interval, 1.2 mm/0 mm; number of excitations (NEX) =2. For each data set, regions of interest were manually drawn on the center slice of the tumor after identification of the solid part of the tumor on conventional T2WI by one radiologist (CZ, with 9 years of experience in MRI analysis) who was blinded to the experimental design. Later, T2 and R2 values of the tumors were automatically calculated by the T2 Map and R2 Star program on the dedicated post-processing workstation (ADW4.3, GE Healthcare). ΔT2 are calculated by subtracting the post-contrast value of T2 from its pre-contrast value.

Histological study
------------------

After MRI, tumor tissues were surgically removed from the sacrificed mice and were then embedded, frozen in liquid nitrogen, and cut into 5 μm frozen slices. Frozen thin sections were fixed in acetone and were air dried. After blocking with 2% BSA, slices were incubated with rat anti-mouse CD31 antibody (1:100; BD Biosciences, San Jose, CA, USA) and hamster anti-mouse CD61 (integrin β3) antibody (1:200; BD Biosciences) and then visualized with FITC-conjugated goat anti-rat and Cy3-conjugated goat anti-hamster secondary antibody (1:200; Santa Cruz Biotechnology, CA, USA). Subsequently, nuclei were stained with 4′-6-diamidino-2-phenylindole. Fluorescence images were acquired with an epifluorescence microscope (Olympus, X81).

All quantitative analyses of the positive area of CD61 and CD31-positive vessels on the immunofluorescence staining were assessed by using ImageJ software. The pathologist who performed the immunohistochemistry analysis was blinded to the experimental groups. For each tumor, at least 4 randomly selected vision fields from the representative tumor slices were analyzed.

To directly visualize RGD-PAA-USPIO targeting the angiogenic vessels, Prussian blue staining of tumor tissues in the additional group of binding evaluation was performed, and the procedure was the same as that described in the section "In vitro evaluation of specificity of the RGD-PAA-USPIO probe."

Statistical analysis
--------------------

All quantitative data were expressed as mean ± standard deviation. Statistical analysis was performed by using the Student's *t*-test or Mann--Whitney *U*-test with GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA). *P*-value \<0.05 was considered statistically significant.

Results
=======

Characterization of RGD-PAA-USPIO probes
----------------------------------------

The core size of the RGD-PAA-USPIO particles determined by TEM was 14.5±0.1 nm ([Figure 1](#f1-ijn-11-5671){ref-type="fig"}), and the mean hydrodynamic diameter of these nanoparticles, measured by DLS analysis, was \~59.44 nm. T~1~ and T~2~ relaxivity values of RGD-PAA-USPIO were measured to be 8.7 and 137.85 mMS^−1^, respectively. Such nanoparticles can be dispersed in water for several months without precipitation, indicating good stability.

Specificity evaluation of the RGD-PAA-USPIO probe in vitro
----------------------------------------------------------

The specific binding of the RGD-PAA-USPIO probes for integrin αvβ3 was assessed by Prussian blue staining ([Figure 2](#f2-ijn-11-5671){ref-type="fig"}). After incubation with HUVECs for 30 min, small amounts of iron particles were observed in the RGD-PAA-USPIO group, whereas there was no significant uptake during the plain USPIO particles and the RGD-PAA-USPIO plus free RGD treatments. With prolonged incubation time, the uptake of nanoparticles were obviously increased in all three groups, showing a time-dependent manner. However, competition with free RGD peptide reduced the amount of blue granules in the cytoplasm of HUVECs dramatically.

To further quantify the uptake of nanoparticles, the ICP-MS study was performed. As shown in [Figure 3A](#f3-ijn-11-5671){ref-type="fig"}, the mean cellular iron content in HUVECs incubated with plain USPIO was 0.23±0.02 pg/cell after incubating for 30 min, whereas it increased to 0.43±0.02 pg/cell for cells incubated with RGD-PAA-USPIO. After blocking the integrin αvβ3 receptor by adding the free ligands, the mean cellular iron content of RGD-PAA-USPIO incubated cells decreased to 0.37±0.02 pg/cell. In line with the Prussian blue findings, the mean cellular iron content in HUVECs in all the three groups also showed a time-dependent manner. All these qualitative and quantitative analyses indicated that the accumulation of these nanoparticles was specifically mediated by the interaction between the RGD peptides and integrin αvβ3.

To identify the subcellular localization of RGD-PAA-USPIO, TEM observations of HUVECs were conducted. As shown in [Figure 3B and C](#f3-ijn-11-5671){ref-type="fig"}, large amounts of RGD-PAA-USPIO nanoparticles were internalized and accumulated in the cellular endosomes. By contrast, the plain USPIOs were mainly deposited outside the HUVECs.

Evaluation of integrin αvβ3 binding in vivo
-------------------------------------------

On the basis of in vitro experimental results, the capability of the RGD-PAA-USPIO nanoparticles to bind integrin αvβ3 in vivo was evaluated in the CNE-2 NPC xenograft model ([Figure 4A](#f4-ijn-11-5671){ref-type="fig"}). For mice receiving RGD-PAA-USPIO, a dramatic MR signal drop was found in the periphery and some central areas of the tumor. However, after competition with preinjection of free RGD peptides, the signal drop was reduced. For mice receiving plain USPIO, the signal intensity was less pronounced and just marginally decreased. Accordingly, quantitative analysis of the decrease of T2 relaxation time of the tumors was 36.1±10.8, 20.9±8.5, and 9.8±4.3 ms for mice receiving RGD-PAA-USPIO, RGD-PAA-USPIO plus free RGD peptide, and plain USPIOs, respectively ([Figure 4B](#f4-ijn-11-5671){ref-type="fig"}).

To confirm the RGD-PAA-USPIO targeting specificity histologically, the expression level of integrin αvβ3 on NPC tumor sections was investigated. On the one hand, there is no integrin αvβ3 expression on CNE-2 cell.[@b27-ijn-11-5671] On the other hand, the tumor vasculature endothelial cells are of mouse origin and the CNE-2 tumor cells are of human origin in NPC xenograft model.[@b28-ijn-11-5671] Furthermore, most of β3 was found to bind to αv (αvβ3) or αIIb (αIIbβ3), but in tumors the latter is hardly expressed. Hence, only immunofluorescence with anti-murine integrin β3 antibody was performed to confirm the integrin αvβ3 expression in CNE-2 tumor tissue. As shown in [Figure 5](#f5-ijn-11-5671){ref-type="fig"}, the perfect co-localization of anti-murine integrin β3 and CD31 was observed, indicating that integrin αvβ3 expression in the CNE-2 tumor tissues was mainly derived from the tumor blood vessels. Additionally, Prussian blue staining of tumor tissues identified that large amount of RGD-PAA-USPIO nanoparticles were mainly attached to the interior of the blood vessel surface and competition with free RGD peptide reduced the targeting efficiency, while little plain USPIO particles were mainly distributed in the interstitial space around the tumor vessel ([Figure 6](#f6-ijn-11-5671){ref-type="fig"}). All these results indicate that the RGD-PAA-USPIO nanoparticles homing was indeed specifically mediated by RGD--integrin interaction.

Effects of Endostar on CNE-2 tumor growth
-----------------------------------------

As displayed in [Figure 7](#f7-ijn-11-5671){ref-type="fig"}, a much less time-dependent increase in tumor growth was observed in the treated group than the control, and a significant difference in tumor volume was observed between the two groups from day 8 after therapy onset (*P*\<0.05). No observable side effects were observed during the treatment process.

Monitoring the antiangiogenic effect of Endostar by MRI
-------------------------------------------------------

To noninvasively monitor the antiangiogenic therapy response, MRI data sets from all mice in both control and treated groups were analyzed. As shown in [Figure 8A](#f8-ijn-11-5671){ref-type="fig"}, mice in the control group after injection of RGD-PAA-USPIO showed obviously decreased signal intensity in the peripheral areas, whereas mice in the Endostar-treated group showed little signal changes. Quantitative analysis found that both the decrease of T2 relaxation time and post-contrast R2 relaxation rate of tumors in the control group were much higher than those in the treated group at day 4 and day 14 (*P*\<0.05) ([Figure 8B and C](#f8-ijn-11-5671){ref-type="fig"}).

Histological assessment of tumor response
-----------------------------------------

To confirm the inhibition effect of Endostar histologically, expressions of both integrin β3 and CD31 of the tumors were investigated. As shown in [Figure 9](#f9-ijn-11-5671){ref-type="fig"}, a significant higher CD31-positive area fraction in the control group was observed compared to those in the treated group at the end of the treatment (*P*\<0.05). Similar trend was found for the integrin β3 expression (*P*\<0.05). It was also observed that integrin β3 predominantly co-localized with the distribution of tumor blood vessels. All these results demonstrated that RGD-PAA-USPIO can be used for noninvasive monitoring of the antiangiogenic therapeutic response in human NPC xenograft model.

Discussion
==========

Noninvasive visualization and quantification of integrin αvβ3 expression levels in vivo have greatly assisted the understanding of the mechanisms of angiogenesis and hold a great promise for earlier screening and monitoring the efficacy of antiangiogenic treatment. This study has demonstrated that MRI with a novel RGD-coupled, PAA-coated USPIO could efficiently identify tumor angiogenesis in the CNE-2 NPC xenograft model. Furthermore, the molecular MRI is capable of noninvasive monitoring of the early treatment response to Endostar antiangiogenic therapy.

This study developed a novel RGD-based MR nanoprobe, implementing PAA coating in terms of hydrophilic nature and the high density of functional carboxylic acid groups, which are compatible with many specific ligands through multivalency effects. Moreover, the cyclic RGD peptide is commercially available and its stability is 30-fold higher than linear peptide.[@b29-ijn-11-5671] In addition, these RGD-PAA-USPIO nano-particles have well-controlled size, high negative relaxivities, and the preparation process is simple and low energy consuming, making it an attractive targeted contrast agent for MRI and potentially suited for clinical translation.

The specificity of the integrin αvβ3-targeted nanoparticles was investigated in vitro and in vivo. Compared to plain USPIOs, HUVECs had a higher uptake of RGD-PAA-USPIO and could be reduced after inhibition with free RGD peptides, which verified the specific binding of RGD-PAA-USPIO for integrin αvβ3. Moreover, it also had higher uptake for both internalization through the cell membrane and accumulation within endosome, in line with some previous reports.[@b21-ijn-11-5671],[@b22-ijn-11-5671] For in vivo experiment, CNE-2 tumor models were used in which integrin αvβ3 was solely expressed on the tumor vasculature, similar to most kinds of HNSCC cell line,[@b13-ijn-11-5671],[@b30-ijn-11-5671] making these models ideal to investigate the potential of RGD-based probes to image tumor angiogenesis. The results of the present study demonstrated that RGD-PAA-USPIO caused a heterogeneous signal decrease mainly in the periphery and some center areas of the tumor, which is consistent with the characteristics of abundant angiogenesis and integrin αvβ3 expression pattern of the tumor. In contrast, there was only a low degree of T2 signal reduction for mice with plain USPIO, probably due to extravasation of particles from intratumoral vessels and dispersion into the interstitial space. Quantitative analysis also found that the T2 relaxation time decreased significantly more after injection of RGD-PAA-USPIO than after injection of plain particles (*P*\<0.05). As proved by Prussian blue staining of tumor tissues, a large amount of RGD-PAA-USPIO nanoparticles mainly targeted tumor angiogenic vessels, while some plain USPIO is found to extravasate into the interstitial space. Taken together, these findings suggest that RGD-PAA-USPIO is able to specifically and efficiently probe the tumor angiogenesis in human NPC xenograft model by using MRI.

In the past decade, targeting integrin αvβ3 with RGD-based MR molecular probes has already been investigated for imaging the tumor angiogenesis.[@b17-ijn-11-5671],[@b21-ijn-11-5671],[@b22-ijn-11-5671],[@b31-ijn-11-5671] However, MR studies using the RGD-based molecular probes to monitor treatment efficacy are limited, and most of them are paramagnetic gadolinium compounds.[@b7-ijn-11-5671],[@b24-ijn-11-5671],[@b25-ijn-11-5671] Therefore, the aforementioned molecular nanoparticles, RGD-PAA-USPIO, were applied to evaluate the early response to Endostar antiangiogenic therapy. Endostar, a novel modified recombinant human endostatin, has showed strong antiangiogenic effect on various xenograft tumor model and cancer patients, including NPC.[@b32-ijn-11-5671]--[@b34-ijn-11-5671] The results of this study demonstrated that Endostar impeded tumor growth without evident tumor regression and that a significant tumor growth inhibition was not observed until day 8, because Endostar was principally cytostatic rather than cytotoxic. It was also shown that Endostar could reduce the tumor vessels, resulting in the decrease of microvessel density, and subsequently lowered the integrin αvβ3 expression. To better monitor antiangiogenic therapy response by molecular MRI over common anatomical approaches, a time point of day 4 after treatment was chosen to study the early therapeutic response of Endostar. As shown in [Figure 7](#f7-ijn-11-5671){ref-type="fig"}, a significant difference of the T2 signal decrease was observed at day 4 after the initiation of Endostar treatment between the control and treated groups. Moreover, after a long-term treatment of 14 days, similar results were obtained for the MR data and the relevant histopathological changes in MVD scores as well as integrin αvβ3 level. Thus, it is reasonable to believe that, besides the diagnostic purpose, RGD-PAA-USPIO may also be used in the assessment of the tumoral early response to antiangiogenic therapy and be potentially used to screen the candidates for such an antiangiogenesis therapy.

However, as for USPIO-based nanoparticles, the nonspecific uptake of the molecular probes by reticuloendothelial system may be high. Therefore, the improvement of the pharmacokinetic profiles by surface modification and size control remains to be the ongoing research. On the other hand, a three-dimensional measurement might be needed for further investigation to provide entire information about the morphologic distribution of tumor angiogenesis indicating the heterogeneity.

Conclusion
==========

This study demonstrated that MRI with RGD-coupled, PAA-coated USPIOs allowed noninvasive in vivo assessment of tumor angiogenesis by targeting integrin αvβ3 in human NPC xenograft model. Furthermore, MRI with these molecular nanoprobes was capable of noninvasive monitoring of the early response to antiangiogenic therapeutic efficacy, making it more promising for potentially clinical translation.

The authors thank Chunfu Zhang (Med-X Research Institute, Shanghai Jiao Tong University, People's Republic of China) for technical assistance in the synthesis of nanoparticles. This study was supported by grants from Key Program of Basic Research from Shanghai Municipal Science and Technology Commission (12JC1406500), the National Natural Science Foundation of China (NSFC 81171389, 81371621), the Program of Shanghai Municipal Health Outstanding Discipline Leader (XBR 2013110), and the Program of Medical Engineering Cross Research Fund of Shanghai Jiao Tong University (YG2012MS15). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

**Author contributions**

DW and YC conceived and designed the experiments. YC, CZ, and HL performed the experiments. YC, RL, ZZ, and TX analyzed the data. CZ designed and synthetized the novel contrast agent. YC and DW prepared the first draft of the manuscript. All authors contributed toward data analysis, drafting and critically revising the paper and agree to be accountable for all aspects of the work.

**Disclosure**

The authors report no conflicts of interest in this work.

![Characterization of RGD-PAA-USPIO probes.\
**Note:** (**A** and **B**) Representative TEM images of RGD-PAA-USPIO nanoparticles.\
**Abbreviations:** PAA, polyacrylic acid; RGD, arginine-glycine-aspartic acid; TEM, transmission electron microscopy; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-11-5671Fig1){#f1-ijn-11-5671}

![Cellular uptake of particles in HUVECs evaluated by Prussian blue staining.\
**Notes:** The plain USPIO (**A**--**C**), RGD-PAA-USPIO (**D**--**F**), and RGD-PAA-USPIO + RGD (competition, **G**--**I**) were incubated with HUVECs at an iron concentration of 0.03 μmol mL^−1^ for different time intervals (30 min, 1 h, and 3 h). Scale bar: 10 μm.\
**Abbreviations:** HUVEC, human umbilical vein endothelial cell; PAA, polyacrylic acid; RGD, arginine-glycine-aspartic acid; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-11-5671Fig2){#f2-ijn-11-5671}

![Cellular uptake of particles in HUVECs evaluated by ICP-MS (**A**) and TEM (**B** and **C**).\
**Notes:** Results from ICP-MS measurement of the mean intracellular iron contents after incubation of HUVECs with plain USPIO, RGD-PAA-USPIO, and RGD-PAA-USPIO competed with free RGD (competition) for different time intervals (**A**). Results from TEM images of the subcellular location in HUVECs after incubation with plain USPIO (**B**) and RGD-PAA-USPIO (**C**) for 30 min. Scale bar: 1 μm. The arrows in the figures refer to the iron particle of plain USPIO(**B**) and RGD-PAA-USPIO(**C**).\
**Abbreviations:** HUVEC, human umbilical vein endothelial cell; ICP-MS, inductively coupled plasma mass spectrometry; PAA, polyacrylic acid; RGD, arginine-glycine-aspartic acid; TEM, transmission electron microscopy; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-11-5671Fig3){#f3-ijn-11-5671}

![Evaluation of integrin αvβ3 binding in vivo.\
**Notes:** (**A**) T2-weighted MR imaging of tumor before and 6h after intravenous injection of RGD-PAA-USPIO, plain USPIO, or RGD-PAA-USPIO plus free RGD peptide. (**B**) The corresponding T2 relaxation time decrease of tumors before and after probe injection. ^\*\*^*P*\<0.01. The arrow in [Figure 4A](#f4-ijn-11-5671){ref-type="fig"} refer to the signal intensity decrease caused by the injection of RGD-PAA-USPIO.\
**Abbreviations:** MR, magnetic resonance; PAA, polyacrylic acid; RGD, arginine-glycine-aspartic acid; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-11-5671Fig4){#f4-ijn-11-5671}

![Ex vivo CNE-2 tumor tissue immunofluorescence staining of co-staining (**D**) of CD31 (**A**, green) and CD61 (**B**, integrin β3, red), and DAPI (**C**). **Note:** Magnification ×200.\
**Abbreviation:** DAPI, 4′-6-diamidino-2-phenylindole.](ijn-11-5671Fig5){#f5-ijn-11-5671}

![Prussian blue staining of tumor tissues after intravenous injection of RGD-PAA-USPIO (**A**), plain USPIO (**B**), or RGD-PAA-USPIO plus free RGD peptides (**C**) and conventional HE staining (**D**) (×200).\
**Note:** The arrow in the figures refer to the different iron particles of Prussian blue staining from RGD-PAA-USPIO(**A**), plain USPIO (**B**), and RGD-PAA-USPIO plus free RGD (**C**).\
**Abbreviations:** HE, hematoxylin and eosin; PAA, polyacrylic acid; RGD, arginine-glycine-aspartic acid; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-11-5671Fig6){#f6-ijn-11-5671}

![Endostar treatment inhibits growth of CNE-2 tumors.\
**Notes:** Comparison of tumor volumes in the control and Endostar-treated group in CNE-2 xenograft model. Tumor volume was determined by caliper measurements. Error bars denote standard errors. (^\*^*P*\<0.05; ^\*\*^*P*\<0.01).](ijn-11-5671Fig7){#f7-ijn-11-5671}

![Monitoring the antiangiogenic effect of Endostar by MRI.\
**Notes:** (**A**) Representative T2WI, T2, and R2 mapping images of mice in the control and treatment groups after injection of RGD-PAA-USPIO. (**B** and **C**) Quantitative analysis of the decrease of T2 relaxation time and post-contrast R2 values of tumors between control and treatment group. ^\*\*^*P*\<0.01.\
**Abbreviations:** MRI, magnetic resonance imaging; PAA, polyacrylic acid; RGD, arginine-glycine-aspartic acid; USPIO, ultrasmall superparamagnetic iron oxide.](ijn-11-5671Fig8){#f8-ijn-11-5671}

![Histological study of tumor tissues.\
**Notes:** (**A**) Immunofluorescence staining of tumor vasculature and murine integrin β3 expression with antibodies against CD31 (green) and CD61 (integrin β3, red) in the Endostar-treated and control groups at the end of the study. (**B**) Quantitative analysis of integrin β3 and CD31-positive area fraction of tumors between control and treatment group. ^\*\*^*P*\<0.01.](ijn-11-5671Fig9){#f9-ijn-11-5671}
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